amiloride, to dog, rat, or man increases the urinary excretion of sodium and decreases both urinary acidification and the excretion of potassium (1, 5, 13, 18, 26, 30) . The inhibition of potassium excretion and the relatively small magnitude of the natriurcsis led to the conclusion that site of action of the drug is the distal nephron (5, 18) . This has been confirmed by result of stop-flow (1) and micropuncture studies (13). In the prcscnt studies the technique of perfusion of isolated tubule segments in vitro has been used to determine directly the effect of the drug on two distal-nephron segments, the cortical collecting tubule and the cortical thick ascending limb of Henle's loop. The two segments have strikingly different clcctrolyte transport mechanisms. In the cortical collecting tubule the electrical PD is negative in the lumen (8, 17) and there is active reabsorption of sodium from and active secretion of potassium into the hunen.
In contrast, the cortical thick ascending limb of Henle's loop exhibits a PD positive in the lumen and there is active transport of chloride out of the lumen (7 Lumen-to-bath fluxes were measured by perfusing with a solution containing both radioisotopes and collecting the bath (initially free of radioisotope) for analysis every 5-l 5 min as described previously ( 16). Subsequently, the tubule was perfused with a radioisotope-free solution and the bath-to-lumen flux was measured by placing the radioisotopes in the bath and measuring the radioactivity of the collected tubule fluid. Lumen-to-bath fluxes were always measured first since it was diflicult to decontaminate the bath sufficiently with the tubule in place once a high concentration of radioisotope had been placed in the bath. Either 22Na and 42K or 24Na and 36Cl were studied simultaneously and the radioactivity of the 22Na or 36Cl was determined after that of the 42K or 24Na had decayed. Samples for measurement of the fluxes were collected commencing 10-l 5 min after the radioisotopes were added to the lumen or bath. Flux rates were identical when calculated from consecutive collections in individual tubules, indicating that a radioisotope steady state was achieved by that time.
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2) In the second experimental protocol tubules were perfused with a solution containing 24Na and suspended in a bath containing 22Na. The lumen-to-bath flux of 24Na was calculated from the decrease in concentration of 24Na in the collected perfusion fluid, with the assumption of no significant net fluid reabsorption (see RESULTS). The 22Na bath-to-lumen flux was calculated from the appearance of the isotope in the collected tubule fluid.
The radioactivity of the bath, perfusate, and collected tubule fluid was measured by liquid scintillation using Multisol liquid scintillation fluid (Isolab, Inc., Akron, Ohio) and a Packard liquid scintillation counter (Packard Instrument Co., Inc., Downer's Grove, Ill.). Net fluxes (Ji) of sodium, potassium, and chloride were calculated I) as the difference between the unidirectional fluxes, or 2) from measurements of the chemical concentration in perfused and collected fluid. If one assumes no net fluid movement (see RESULTS), then (7) :
where VL is rate of collection of fluid in nanoliters per second, L is the tubule length in centimeters, and C,, and CL are the concentrations of sodium or potassium in the perfusion and collected fluids. When measured in the same experiment, the net flux of potassium calculated from unidirectional fluxes of 42K was not significantly different from that calculated from chemical measurements. Permeability (Pi) to sodium, potassium, or chloride was calculated by dividing the unidirectional flux in the direction opposite to the net flux by the ion concentration (Ci). Ideally, these fluxes should have been measured with zero transepithelial PD. Since it was not possible to short-circuit the tubules, the flux measurements were corrected to zero PD using the constant-field assumption (20). This correction assumes that the voltage gradient through the membrane is constant, that the activities of the ion at the membrane are proportional to those in the bathing solutions, and that the ion does not interact with a membrane carrier (20). Further, these assumptions apply only to a single limiting barrier. Since it is uncertain whether these assumptions are met in the present studies, we recognize that the results of the correction may not be strictly accurate. for sodium (Table 2) were calculated from the backflux of sodium (bath to lumen, Table 3 ). The sodium permeability to the flux ratio is consistent with active potassium transwas low, .52 X 10m8 cm2 s-i or .083 X 10B5 cm s-l (assumport, it could also be explained by single-file diffusion (21). ing a lumen diameter of 20 pm). The sodium conductance The permeability of the tubule to potassium (calculated calculated from the permeability is .54 X 10m3 0-l cmW2, from the lumen-to-bath flux, Table 3 ) is an order of magwhich is equal to -approximately 15 c/o of the total connitude greater than that to sodium ( Table 2 ). The potasductance, measured. electrically (Table 2) . sium partial ion conductance, however, is lower because of Potassium secretion in cortical collecting tubules. The net flux the much lower concentration of potassium in the bathing of potassium (from bath to lumen) was 2.2 + 0.7 (15 tumedia. The partial ion conductance of potassium is equal bules) pmol cm-l s -r l The potassium flux ratio was low .
to approximately 5 ci;: of the total electrical conductance. (Table 3 To test the effect of perfusion rate, in five addiwhere E; is the required transepithelial PD, Jib and Jbr are fluxes of ion from lumen to bath and bath to lumen, respectively, Cb and C 1 are the concentrations of ion in bath and lumen, and R, T, and F are constants. Ei was -59 mV (Table 3) , which is significantly greater than the measured PD of -35 mV. Therefore, by this criterion potassium transport is not strictly passive. The discrepancy can be accounted for by active potassium transport which is in agreement with the previous finding (17), that potassium transport resulted in concentration gradients at slow flow rates which exceeded the gradients that might theoretically be achieved by passive transport according to the Nernst equation.
Although the present finding with respect tional studies tubules were perfused at a slower rate (1 nl/ min). The ratio of net sodium to potassium transport (determined chemically) was 1.43 =t 0.15, which is similar to the earlier result and suggests an as yet undefined effect of perfusion rate on the relative rates of sodium and potassium transport.
i This value includes the data from both the radioisotope experiments (eight tubules, Table 3 ), and net fluxes of potassium determined chemically (see METHODS).
Chloride absorption from cortical collecting tubules. The mean net chloride flux was 6.7 =t 2.7 (four tubules) pmol cm-l s-l, which is equal to the difference between the mean net sodium absorption (8.7 peq cm-l s-l) and potassium secretion (2.2 peq cm+ s-l).
The net chloride flux could be passive since it is in the direction of its electrochemical gradient. The chloride flux ratio, however, is near 1 (Table 3 ) and EC1 (-5 mV, Table  3 ) is significantly lower than the observed PD (-35 mV). The discrepancy is consistent with chloride exchange diffusion. If a chloride flux by exchange diffusion of 13.5 pmol STONER, BURG, AND ORLOFF cm-i s-l (equal to 85 % of the backflux) were subtracted from the flux in each direction, the ratio of the remaining fluxes would fit the measured PD according to the fluxratio equation.
Chloride permeability and conductance (calculated from the bath-to-lumen flux, Table 3 ) were high (Table 2) . In fact the calculated partial chloride conductance (20.2 X 'lo-" 8-l cmm2) is greater than the total electrical conductance (3.78 X lOA Q-l cmw2). Therefore, most of the measured flux of chloride is electrically silent, presumably by exchange diffusion.
From the difference between the total electrical conductance (3.78 X 10v3 Q -l cmw2) and the sum of the partial sodium and potassium conductances (.54 + .17 Q--l cmm2), the maximum electrical conductance attributable to Cl is 3.07 X 10m3 Q-l cmm2, which is 15 % of the partial chloride conductance calculated from the radioisotope flux. Therefore, 85 % of the observed 36C1 backflux of 15.8 pmol cm-l s-l may be exchange diffusion, a finding consistent with the result of the calculation from the Cl flux ratio (Table 2 ) and PD, given earlier.
The net passive chloride (Jel) transport is given by which is approximately equal to the measured mean net chloride flux (6.7 peq cm-l s-l). Thus, the chloride conductance, excluding exchange diffusion, is probably great enough so that the observed net chloride flux could be passive.
Efect of amiloride on cortical collecting tubule. When tubules were perfused with as little as 10-j amiloride, the PD reversed polarity and became positive in the lumen as illustrated in Fig. 1 . The change occurred within a few seconds and was immediately reversible when the amiloride was removed. A decrease of the PD in the presence of amiloride has been observed in anuran membranes ( 10, 11, 14) and the submaxillary salivary gland duct (28). The mean transepithelial PD was unaffected by the presence of 10S4 M amiloride in the bath for 10 min (mean control PD, -35 ; with amiloride in the bath, -35.8 mV; five tubules). Thus, amiloride is effective only when present at the lumen surface of the tubule, just as it had been found previously to be effective only at the mucosal or outer surface of other epithelia (2, 14). The effect of amiloride ( 10mS M) in the lumen on the fluxes of sodium and potassium is shown in Table 4 . The net flux of sodium decreased by 87 I+ 2 % (mean of paired observations) and that of potassium by 102 rt 9 %2 ( The PD and fluxes were measured i n six tubules; electrical resistance, i n five tubules.
4), indicative of inhibition of both active sodium and potassium transport by the drug. Both lumen-to-bath and bath-to-lumen fluxes of sodium decreased (by 77 rt 2 % and 25 =I= 10 %, respectively).
Amiloride in the lumen also resulted in an increase in electrical resistance of 35 rt 5 % (Table 4) . Part of the increase in electrical resistance may be a consequence of a drug-induced decrease in the permeability of the luminal membrane to sodium, as has been concluded from results of studies in other epithelia (3, 12, 14) .
Origin of positive PD in cortical collecting tubules. The positive PD observed when cortical collecting tubules were exposed to 10 -5 M amiloride is not readily explained by the movements of Na or K ions (Table  4 ) since the net movements of both ions are greatly reduced. A similar result in turtle bladder (29, 3 1) and toad bladder (22) was attributed to unmasking of the positive PD caused by hy-drogen ion secretion (or bicarbonate reabsorption) that became evident only when the opposing negative PD caused by sodium transport was eliminated.
To test whether the change in PD in the cortical collecting tubule can be similarly explained, sodium transport was inhibited either by replacement of all the sodium in both the bath and perfusion solution by choline, or by exposure of tubules to a bath containing 10-j M ouabain. Both manipulations resulted in a positive PD (+9 mV (five tubules) when sodium was replaced with choline and +8 mV (five tubules) when lo-" M ouabain was added to the bath). As noted elsewhere, removal of potassium from the bath also inhibits sodium transport and causes the PD to become lumen positive in collecting tubules ( 17).3 It is apparent that reversal of the polarity of the PD is not a specific effect of amiloride but results from inhibition of sodium transport per se. To exclude the possibility that chloride transport might account for the positive PD, as it did in some (15) but not other (22) toad bladder studies, cortical collecting tubules were perfused in the absence of chloride (sulfate substitution). Under these conditions, with lo-" M amiloride in the lumen, the PD was + 18 mV ( Fig. 2) even in the absence of chloride.
This result excludes chloride transport as a possible source of the lumen-positive PD.
FIG.
2. Effect of acetazolalnide (2 X lo-" RI) on collecting tubules perfused with amiloride ( 1 O-5 Ri) i n chloride-free media (sulfate substitution).
0, control (no acetazolamide). 0, 2 X lo-* RI acetazol arni de i n bath. in the collecting tubule, we added 2 X 10m4 M acetazolamide to the bath while amiloride was present in the lumen. As can be seen in Fig. 2 , the positive PD under those conditions (Cl free, amiloride in the lumen) was reduced by acetazolamide, suggesting that the PD results from urinary acidification.
The result was similar in the presence of chloride (Table 5) . Furthermore, the negative PD (in the absence of amiloride) was increased by acetazolamide in the bath (Table 5 ). This result is consistent with the view that a positive component of the PD due to acidification is present even when the measured PD is negative, as in the control state. Under these conditions the positive component of the PD is obscured by the larger negative PD that results from Na transport. (2 X 1O-4 M) 6-10 min were allowed for equilibration, then the PD was recorded at 2-to 3-min intervals for 6-10 min.
The urinary acidification system (and the reversal of the PD) of toad bladder (22) and turtle bladder (27, 29) depend in part on the presence of CO2 in the bathing medium. To test this relationship in the cortical collecting tubule, a positive PD was produced by I> Na+ replacement with choline, or 2) lOAS M amiloride in the lumen, or 3) lo-;' LM ouabain in the bath (Fig. 3) . In addition, the perfusate (which is free of bicarbonate) was also placed in the bath. As can be seen in Fig. 3 , when the solutions were gassed with CO2 there was a positive PD (average +8 mV).
When the solutions wcrc gassed without CO2 (100% O,), however, there was a rcvcrsiblc decrease in the PD to a mean value of +3 rnV. The pH of the bicarbonate-free solution was 7.4 when gassed with 02 and 6.4 when gassed with 5% COa-95%
OS. Th us, the exogenous bicarbonate nor- (13), on the basis of micropuncture studies in the rat, previously concluded that amiloride had no effect on the segments of the nephron proximal to macula densa, since neither sodium concentration nor TF/P inulin concentration in the early distal tubule was altered by the drug. previously found in the distal convoluted tubule (13) and the nearly complete inhibition of K secretion demonstrated in the present studies in the cortical collecting tubule. It is interesting that although it greatly inhibits sodium transport in the cortical collecting tubule, the drug causes only a limited natriuresis or diuresis under control conditions (1, 5, 13, 26) . The drug had no eRect on NaCl reabsorption in the thick ascending limb of Henle's loop (present studies) or in the more proximal segments (1, 13), and had an equivocal effect on Na transport in the distal convoluted tubule (13). Normally as a result of transport of NaCl out of earlier segments including the thick ascending limb of Henle's loop and the distal convoluted tubule, the amount of Na which reaches the cortical collecting tubule is relatively small and limits the net sodium reabsorption from this segment. Thus, inhibition of Na transport in the cortical collecting tubule could normally result in only a relatively small increase in Na excretion.
Amiloride causes a larger increase in sodium excretion when Na excretion has already been elevated by other diuretics (1, 26) . Under these cow ditions a larger than normal fraction of the filtered Na reaches the collecting tubule and is reabsorbed, so that inhibition of the Na transport by amiloride has a larger effect.
DISCUSSION
The transepithelial PD across the cortical collecting tubule, which is ordinarily oriented negatively in the lumen, apparently results from the balance of several ion transport processes. The negative PD is caused by active Na absorption out of the lumen, and may be shunted by the accompanying passive transport of Cl from the lume-1 or by the active and passive transport of K into the lumen. In addition urinary acidification (hydrogen ion secretion or bicarbonate reabsorption) may generate a small opposing positive PD.
There is also a marked decrease in urinary acidification in (1, 18, 26) dog, rat, and man in the presence of amiloride, which is in apparent contradiction to the result of the present study in which the positive PD in the presence of the drug was attributed to persistent urinary acidification. Guignard and Peters (18), however, have suggested that the decreased acidification in vivo may result from a decrease in the transepithelial PD which they assumed to occur in the distal nephron.
They pointed out that a high, negative PD favors the acidification of urine by passive mechanisms and that acidification might be reduced along with the PD as a result of the action of amiloride.
Although the persistence of an acetazolamide-sensitive, positive PD in the presence of amiloride in the collecting tubules suggests that there is an active urinary acidification process which is not inhibited by the drug, there could be a decrease in the total rate of acidification because of inhibition of the passive component.
Direct studies of acidification in the collecting tubule are required to confirm this hypothesis.
The "K-sparing effect" of amiloride (1, 5, 13, 18, 26, 30 
